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Abstract
Background

Burseratrees are conspicuous elements of the tropical dry forests in the Neotropics, which have a
significant cultural value due to their fragrant resins (incense), wood sources (handcrafts), and ecological
benefits. Despite its relevance, genetic resources developed for the genus are scarce.

Methods and results

We sequenced and analyzed the complete chloroplast genome structure and functional annotation of
three Bursera species of the Bullockia section: Bursera cuneata, B. palmeri, and B. bipinnata. The
chloroplast (Cp) genome sizes ranged from 159,824 to 159,872 bp in length, including a large single-copy
(LSC) region from 87,668 to 87,656 bp, a small single-copy (SSC) from 18,581 to 18,571 bp, and two
inverted repeats regions (IRa and IRb) of 26,814 bp each. The three Cp genomes consisted of 135 genes,
of which 90 were functional, 37 tRNAs, and 8 rRNAs. The Cp genomes were relatively conserved, with the
LSC region exhibiting the greatest nucleotide divergence (psbJ, trnQ-UCC, trnG-UCC, and petL genes),
whereas few changes were observed in the IR border regions. Between 589 to 591 simple sequence
repeats were identified. Phylogenetic relationships within Burseraceae for each Cp region (LSC, SSC, IRa,
and IRb) using Bayesian inference confirmed that Commiphora is the sister taxa of Bursera. Only the
phylogenetic trees based on the SSC and LSC regions resolved the close relationship between B.
bipinnata and B. palmeri within Bursera.

Conclusion

Our work contributes to the development of Bursera's genomic resources for taxonomic, evolutionary, and
ecological-genetic studies.

Introduction
Bursera (Jacq. ex L.) is a diversified genus of small to medium-sized trees native to the Neotropics, and it
is Mexico the center of biodiversity and endemicity with about 90 species [1, 2]. Bursera trees produce
aromatic compounds, mostly terpenoids, which are released as resins as a deterrent response to
herbivores [3, 4]. These fragrant resins have been used as incense (copal) in religious and medicinal
practices since the Mesoamerican civilizations [5]. In rural areas, Bursera trees are sources of wood for
the elaboration of handcrafts (e.g., alebrijes, masks), also act as living barriers against the wind, and can
be used for ecological restoration [6]. They are conspicuous, at times dominant, elements of the Tropical
Dry Forests (TDFs) [7, 8], providing food resources and shelter for a wide range of animals, primarily
frugivore birds that consume the seeds of the plant [9, 10], and insects that pollinate it [11].

Bursera is divided into two sections, Bullockia and Bursera, based on differences in reproductive
structures and bark morphology [1, 12]. The closest relatives of Bursera are species of the myrrh genus,
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Commiphora, which migrated from North America to northern Africa and central Asia in the Early Eocene
[12], followed by the divergence of the sections Bursera and Bullockia (approx. 40 million years ago (Ma))
[13]. The diversification of the two lineages in Bursera was in parallel with the aridification and expansion
of the TDFs in north and central Mexico during the Miocene (20 to 17 Ma) [13].

Most genetic studies in Bursera are on its phylogenetic relationships based on a few nuclear (internal and
external transcribed spacers, ribosomal regions, the phosphoenolpyruvate carboxylase, and the nitrate
reductase) and chloroplast genes (psbA-trnH and rps16) [12–16] Recently, Rico et al. [17] reported the first
nuclear whole-genome sequences of three species, commonly called copales, Bursera bipinnata (Moc. &
Sessé ex DC.) Engl., Bursera cuneata (Schltdl.) Engl., and Bursera palmeri S.Watson, whereas
Burseraceae chloroplast genomes have only been sequenced for Old World species (e.g.,[18, 19]).

Having its own DNA, the chloroplast has paramount functional importance as it is the specialized
organelle where photosynthesis takes place. In angiosperms, chloroplast (Cp) genome size ranges from
107–218 kb and is generally arranged in a circular DNA molecule that displays a highly conserved
tetragonal structure, consisting of a long (LSC) and a short single-copy (SSC) regions, interspersed by two
inverted repeats (IR) regions [20]. Most of the Cp genome sequence encodes protein-coding genes,
transfer RNA (tRNA), and ribosomal RNA (rRNA). The Cp genome sequencing is widely used in plant
comparative genomics and phylogenetic relationships, while also facilitating the study of intraspecific
genetic diversity and gene flow through the development of highly polymorphic markers such as Simple
Sequence Repeats (SSRs) [21].

Here, we analyzed the Cp genomes of three Bursera species of the Bullockia section endemic to Mexico:
B. bippinata, B. cuneata, and B. palmeri. Specifically, we aimed to (i) compare the structure and functional
annotation of the complete Cp genomes; (ii) identify regions of high divergence and subject to selection;
(iii) characterize the SSRs composition, and (iv) reconstruct the phylogenetic relationships by including
the Cp genomes of other Burseraceae species.

Material and methods

Plant material, DNA extraction, and sequencing
Bursera bipinnata, B. cuneata, and B. palmeri, are deciduous trees with no exfoliating barks that can
reach a height of 8–10 meters. Of the three species, B. bipinnata is the species with the widest
distribution along the TDF in the Pacific coast of Mexico and is the species most used for the extraction
of aromatic resins. Bursera palmeri occurs in fragments of TDF in the Central Mexican Plateau and B.
cuneata has a smaller distribution across central south Mexico and is used in Michoacán for elaborating
religious figures and masks [8]. Also, anti-inflammatory and antihistaminic compounds have been
isolated from B. cuneata [22]. For each species, we collected leaf tissue samples from a single individual:
B. bipinnata in Jalisco, B. palmeri in Querétaro, and B. cuneata in Ciudad de México (sampling permit
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SEMARNAT SGPA/DGGFS/712/1062/18). We preserved the leaves in sealed plastic bags containing
silica gel until DNA was extracted.

We extracted genomic DNA from 20 mg of dried tissue using the CTAB technique with pre-washing steps
to eliminate excess of polyphenols [23]. The yield was estimated using a Qubit fluorimeter (Thermo Fisher
Scientific, Waltham, MA, USA), and sequencing libraries were prepared with Illumina Truseq Nano DNA
Library Prep kits (Illumina, San Diego, CA, USA) using 100 ng of high-molecular-weight DNA. Libraries
were sequenced in pair-end mode with a read length of 150 bp using an Illumina NovaSeq S4 platform to
obtain ~ 140–170 million reads (see [17]for more details). Genome sequencing was performed by NC
State Genomic Sciences Laboratory (North Carolina, USA). Read cleaning and QC were performed with
fastp [24].

Chloroplast genome assembly and annotation
The Cp genome assembly was performed with GetOrganelle [25], followed by visual inspection and
manual curation using UGENE toolkit [26], which was performed on a multiple alignment of the three
Bursera sequences against publicly available Cp sequences of Commiphora and Boswellia [18, 19].
Annotation was automatized using the CPGAVAS2 web platform [27], and circular plots of the Cp
genomes were obtained with Chloroplot [28]. Finally, we prepared GenBank files for submission to NCBI
using the GB2sequin webpage [29].

Genome comparison, sequence divergence, and selective
pressures
Comparative chloroplast genomes of the tree Bursera species were performed using mVISTA online
software (http://genome.lbl.gov/vista/index.shtml) [30] and the LAGAN global multiple alignment mode
with Boswellia sacra as reference for alignment. To visualize the genes on the boundaries of the junction
sites among the Cp genomes (inverted repeat regions) we used the online platform IRscope
(https://irscope.shinyapps.io/irapp/) [31]. To compare divergence among the three Cp genomes, we used
DnaSP v.5.1.0 [32] to set a sliding window length of 800 bp and a distance of 200 bp between loci to
calculate nucleotide diversity (Pi). We examined the evolutionary rates of annotated Cp genes among the
three Bursera species by estimating nonsynonymous (Ka) and synonymous (Ks) substitution rates and
their Ka/Ks (Ꞷ) ratios using the YN model in the KaKs Calculator program v2.0 [33].

Single sequence repeat analysis
SSR markers were identified using MISA, TRF, and VMATCH, respectively, via the CPGAVAS2 web interface
[27]. We specified eight repetitions for mono-, three repetitions for di-, tri-, and tetra-, and four repetitions
for penta- and hexanucleotide motifs.

Phylogenetic analysis
Sequence alignment was performed using the three Bursera Cp genomes and seven closely related
species of the Burseraceae family whose chloroplast genomes are available in NCBI GenBank
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(Commiphora gileadensis NC 041104.1; C. wightii NC 036978.1; C. foliaceae NC 041103.1; Garuga
forrestii OM009254.1; G. pinnata NC 071194.1; G. floribunda ON361002.1; Bowsellia sacra NC 029420.1)
using the MAFFT software with default parameters [34]. Rhus ovata was used as the outgroup (NC
049061.1). We reconstructed the phylogenetic relationships for each of the four main regions of the Cp
genome (LSC, SSC, IRa, and IRb) to contrast their phylogenetic relationships. The best-fitting model of
sequence evolution based on BIC was performed in MEGA v.11.0.13 [35]. A Bayesian inference tree was
implemented in MrBayes v3.2[36] using two independent runs, three cold chains, and one heated chain
for 5,000,000 generations and sampling one tree every 1000 generations. The average standard deviation
of split frequencies below 0.01 was used to evaluate convergence. The first 25% of generated trees were
discarded as burn-ins and posterior probabilities were obtained from the posterior distribution of retained
trees.

Results
Bursera chloroplast genome structure and content

For tree copal species, a total of 34.5 Gb of raw 151 bp Illumina reads were sequenced. The Cp genome
assembly size was 159,824 bp in B. cuneata, 159,865 in B. bipinnata, and 159,872 bp in B. palmeri. The
overall guanine and cytosine (GC) content was 38% for the three Cp genomes (Table 1).

Table 1
Summary of chloroplast genome characteristics of three Bursera species

Species Bursera bipinnata Bursera cuneata Bursera palmeri

Total length (bp) 159,865 159,824 159,812

LSC length (bp) 87,656 87,625 87,668

SSC length (bp) 18,581 18,571 18,576

IRa length (bp) 26,814 26,814 26,814

IRb length (bp) 26,814 26,814 26,814

GC content (%) 38 38 38

Total gene number 135 135 135

Functional genes 90 90 90

tRNAs 37 37 37

rRNAs 8 8 8

GenBank accession OR003920 OR003921 OR003922

The Cp genomes consisted of 135 genes, of which 90 were functional genes, 37 tRNAs, and 8 rRNAs. The
three species showed the typical quadripartite structure in angiosperms and the same arrangement. An
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LSC region ranges from 87,668 to 87,625 bp, two identical inverted repeats (IR) regions of 26,814, and
one SSC region ranging from 18,581 to 18,571 bp. 86 loci were annotated in the LSC, 13 in the SSC, and
18 in each of the IR portions (Fig. 1). Of the annotated genes, 44 were related to photosynthesis, 24 were
related to transcription and translation, 31 were RNA genes, and 7 were related to other functions
(Table 2).
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Table 2
List of annotated genes in chloroplast genomes of Bursera bipinnata, B. cuneata, and B. palmeri.

Gene function Gene group Gene name

Photosynthesis
genes

Rubisco

Photosystem 1

Photosystem II

ATP synthesis

Cytochrome
b/f complex

Cytochrome c

NADPH
dehydrogenase

rbcL

psaA, psaB, psaC, psaI, psaJ

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK,
psbL, psbM, psbT, psbZ

atpA, atpB, atpE, atpF, atpH, atpI

petA, petB, petD, petG, petL, petN

ccsA

ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ,
ndhK

Transcription
and translation
genes

Transcription

Ribosomal
proteins

rpoA, rpoB, rpoC1, rpoC2

rpl2, rpl4, rpl16, rpl20, rpl22, rpl23, rpl33, rpl32, rpl36, rps2, rps3,
rps4, rps7, rps8, rps11, rps12, rps14, rps16, rps18, rps19

RNA genes Ribosomal
RNA

Transfer RNA

rrn4.5, rrn5, rrn16, rrn23

trnA-UGC, trnC-GCA, trnD_GUC, trnE-UUC, trnF-GAA, trnG-GCC,
trnG-UCC, trnH-GUG, trnl-GAU, trnK-UUU, trnL-CAA, trnL-UAG, trnL-
UAA, trnM-CAU, trnN-GUU, trnP-UGG, trnQ-UUG, trnR-ACG, trnR-
UCU, trnS-GGA, trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC, trnV-
UAC, trnW-CCA, trnY-GUA

Other genes RNA
processing

Carbon
metabolism

Fatty acid
synthesis

Proteolysis

Translational
initiation factor

Conserved
open reading
frames

unknown

matK

cemA

accD

clpP1

infA

ycf1, ycf2

pafI, pafII, pbf1

Comparative structure and nucleotide diversity



Page 8/20

The structural features of the three Bursera species showed high conservation of coding regions relative
to non-coding regions (Fig. 2). The comparative analysis of the four junction regions is shown in Fig. 3.
There were a few changes in the length of the Cp genomes resulting from the expansion/contraction of IR
regions. The changes were found in the JSA region with the ndhF gene shifted 200 and 201 bp away
from the IRa-LSC junction in B. cuneata and B. bipinnata respectively, and 601 bp from the IRa border in
B. palmeri. For the three genomes, the rpl22 crossed the junction regions between LSC/IRb (located in
JLB), and the gene ycf1 (located in JSB) crossed the IRb/SSC junction.

The sliding window analysis comparing the three Cp genomes showed few genes with high nucleotide
diversity (Pi) (i.e., mutational hotspots), being psbJ the gene with the highest average nucleotide diversity
(0.0058), followed by trnQ-UGG (0.0042), trnG-UCC (0.0042), and then petL (0.0033). All of these are
located in the LSC region, while no mutational hotspots were observed in other regions (Fig. 4A). For the
Ka/Ks (Ꞷ) ratios high similarity among values was found for the three species, and with most genes under
purifying selection, except for the genes atpF, rps3, and ccsA which showed a value higher than 1
suggesting positive selection (Fig. 4B).

Repeat Sequence Analysis
The identification of CpSSRs showed a very similar composition among the three Cp genomes, ranging
from a total of 589 (B. cuneata) to 591 (B. bipinnata) SSRs. The most abundant SSRs for the three
species were dinucleotide repeats (~ 59%), with the AT/TA motif the most frequent (~ 27%), followed by
the AG/CT motif (~ 23%). Within the mononucleotide repeats, only the A/T motifs were abundant (~ 
26%), while very few (< 5%) tri- and tetranucleotide motifs were present (Fig. 5).

Phylogenetic relationships
The Bayesian phylogenetic reconstructions resulted in consensus trees with very high posterior
probabilities (100%). The four phylogenetic trees had similar topological structures, in which
Commiphora was the sister taxa to Bursera, while Garuga and Boswellia were grouped in a different clade
(Fig. 6). However, within Bursera, only the phylogenetic trees of the LSC and SSC regions resolved the
relationships among the three species, with B. bipinnata and B. palmeri the closest species (Fig. 6a and
6b). The IRa and IRb regions did not resolve these relationships within Bursera (Fig. 6c and 6d).

Discussion
The three Bursera plastomes possess the typical quadripartite structure of the angiosperm chloroplast
and are conserved in size, structure, and GC content. This suggests the high preservation of the
chloroplast genome within the lineages in Bursera. Compared to other Cp genomes in Burseraceae
species, such as Commiphora gileadensis (160,268 bp) and Boswellia sacra (160,543 bp), the Cp genome
in Bursera was slightly smaller (158,824 to 159,872 bp), though larger than C. wightii (156,064 bp) [18,
19]. The average GC content in Bursera (38%) was almost similar to B. sacra (37.6%), C. gileadensis
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(37.9%), C. foliaceae (37.8%) and equal to C. wightii (38%). The number of functional genes identified in
those species (95 to 93 genes) was slightly higher than in Bursera, while it was lower in C. wightii (86
genes) [18, 19].

Protein coding genes (CDS) showed high conservatism among the three Bursera species, with few genes
showing evidence of positive selection (atpF, rps3, and ccsA), and thus may have a faster evolutionary
rate. The analysis of the expansion and contraction of the IR regions showed a few size variations
among the three Bursera species and includes the location and number of base pairs in the gene ndfh
located in the SSC-IRa junction. The gene ycf1 crossed the IRb-SSC junction. The rpl22 and rps19 genes
were located near the boundary of the IRa-LSC junction and with copies in the LSC-IRb junction.
Compared to its closest taxa, in Commiphora the ndfh is near the SSC-IRb boundary, and the ycf1 only
crosses by a few base pairs the IRb-SSC boundary, while the rpl22 and rps19 were located in the same
regions as in Bursera [18]. Moreover, within Commiphora species larger interspecific IR expansion and
contraction changes were observed than in Bursera. The higher conservation of the Cp genome in Bursera
may reflect its younger species diversification in the Middle Miocene and early Pliocene [13].

The comparison among the three Bursera Cp genomes revealed that mutational hotspots (high Pi
diversity) were exclusively located in the LSC region with four genes, of which psbJ was the most diverse.
A similar observation has been made for several species where high variation has been detected in genes
located within the LSC region [37–39]. The four divergent genes observed in Bursera can be informative
for further taxonomic studies aiming at resolving phylogenetic relationships within closely related
species. For instance, the psbA-trnH and rps16 genes used in previous phylogenetic analysis did not
provide enough discriminating power between closely related species (e.g., [13, 40]) or for distinguishing
the origin of putative Bursera hybrids [41].

Highly polymorphic markers such as SSRs are very useful in population genetic studies where the aim is
to examine intraspecific genetic diversity and gene flow. As the chloroplast in most angiosperms is
maternally inherited, it can provide insights into patterns of seed-mediated gene flow [42] and the role of
dispersal vectors at the landscape scale [43]. Our analysis revealed that the SSRs composition was highly
conserved among the three Bursera species. Specifically, we identified a set of ~ 590 SSRs, of which the
dinucleotide repeats were the most frequent. Some of the SSRs identified could potentially be used for
the development of a set of polymorphic microsatellite markers for population genetic studies, and which
can be transferred among species in the Bullockia section.

Our phylogenetic analysis based on the Cp genomes of eleven Burseraceae species showed that
Commiphora species are the closest to Bursera, which has been previously reported by Becerra et al., [44].
Both genera are within the subtribe Burserinae and are distinguished by one morphological floral
character and the chromosome number [45]. Also, the phylogenetic trees recovered the close relationship
of Bowswellia and Garuga, both within the subtribe Boswellinae. Due to the large variation within the SSC
and LSC regions, the phylogenetic trees derived from them resolved the relationships within Bursera,



Page 10/20

being B. bipinnata and B. palmeri closely related. The close relationship between these two species
agrees with a previous study [13].

Conclusion
In this study, we reported and examined the first complete chloroplast genomes of the genus Bursera. The
Cp genomes size ranged from 159,824 to 159,872 bp, GC content of 38%, and had 135 genes of which 90
were protein-coding genes, 37 tRNAs, and 8 rRNAs. Few size variations in the inverted regions were
observed between the three Bursera species, whereas a total of 589 to 591 simple sequence repeats were
identified. As Bursera trees are key elements of the TDFs biodiversity in the Neotropics, which have been
poorly studied using genetic data, our research contributes to the development of their genomic resources
for future ecological, evolutionary, and taxonomic studies.
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Figure 1

The circular map of the Bursera chloroplast genome structure. Genes are shown along the inner and outer
sides of the circle; genes outside the circle are transcribed counterclockwise and those in the inside are
transcribed clockwise. Genes with different functions are displayed in different colors.
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Figure 2

Visualization of the chloroplast genome alignment of three Bursera species using Boswellia sacra as a
reference in mVISTA software. The vertical line indicates the percentage of identity; coding regions are
marked in purple and non-coding in pink.
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Figure 3

Comparison of the junction regions, JLB, JSB, JSA, and JLA, of the chloroplast genomes of three Bursera
species. Different genes are displayed by colored boxes and the gaps between the genes and the
boundaries are denoted by the base lengths (bp).
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Figure 4

(A) Sliding window analysis of three chloroplast genomes of Burserasection Bullockia. The x-axis
denotes the nucleotide position along the sequences and the y-axis the nucleotide diversity value (Pi) per
window. (B) Analysis of Ka/Ks (w) ratios for 55 protein-coding genes (CDS) among the chloroplast
genomes of three Bursera species.
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Figure 5

Comparison of the frequency distribution of the types of simple sequence repeat markers (SSR) present
in the chloroplast genomes of three Burseraspecies.
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Figure 6

Bayesian phylogenetic trees of eleven species of Burseraceae per chloroplast genome region: (A) Long
(LSC) and (B) short single-copy (SSC), and the two inverted repeats (C) (IRa) and (D) (IRb). Values
besides the branch represent the posterior probabilities.


